For the production of carbon nanotubes (CNTs), the underwater arc-discharge method, in comparison to the vacuum arc-discharge method, has some drawbacks, including weak discharge intensity, low discharge sustainability, and low production volumes of CNTs. Likewise, despite its advantages, there are also some disadvantages to the use of arc discharges in foams, as these require additional distillation processes to eliminate foam after CNT production. This study, therefore, investigates an alternative method, replacing conventional foams used as discharge environments with foam made from the surfactant sodium dodecyl sulfate (SDS). Our results indicate that by using an arc discharge in a 0.03% SDS solution, we succeeded in producing aggregated CNTs, and the synthesized CNTs had high linearity and crystallinity. Furthermore, dispersion of the CNTs produced by arc discharge in the surfactant foam was facilitated by ultrasonic processing.
I. INTRODUCTION
Carbon nanotubes (CNTs) are new allotropes of carbon that were discovered by Iijima in 1991 [1] . CNTs have superior properties compared to most other similar materials. For example, the tensile strength is approximately 100 times that of steel, heat conduction is approximately 10 times that of copper, and electrical conductivity is approximately 1000 times that of copper. CNTs are expected to have potential applications in a great variety of fields. They are 0.4-5.0 nm in diameter and are created when uniform graphite planes are rolled into tubular shapes after carbon combustion and redeposition processes. CNTs have a variety of advantages such as lightness, flexibility, high strength, and high conductivity, due to the arrangement of the graphite sheets, which consist of carbon atoms in a hexagon pattern, are wound and overlapped. Consequently, they are expected to have applications not only in biotechnology, but also as nextgeneration electrode materials [2] [3] [4] [5] .
In general, CNTs can be synthesized by any of the following techniques: the arc-discharge [6] [7] [8] [9] [10] [11] [12] [13] , laser-ablation [14] [15] [16] [17] [18] , or chemical vapor deposition (CVD) methods [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . The arc discharge releases electrons from the carbon in the cathode that collide with carbon on the anode, and the carbon on the anode tip becomes extremely hot and vaporizes. High-quality linear CNTs are produced when these carbon atoms recombine. However, the disadvantage of the arc discharge method is that device configuration for an arc discharge in a vacuum is complicated and costly [28] . Therefore, underwater (or liquid) arc discharge has been proposed as a method of synthesizing low cost CNTs using a simple equipment setup, without the need for any vacuum apparatus [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
Unfortunately, there are some disadvantages associated with the underwater arc-discharge method. Compared to its use in a vacuum, the underwater discharge environment affects the discharge intensity and sustainability, and therefore it is not suitable for efficient large-scale production of CNTs. To increase the discharge intensity and sustainability, and hence the potential for high-volume CNT production, the arc-discharge-in-foam method was proposed in which a discharge environment midway between the vacuum and underwater environments is utilized [39, 40] .
Since the discharge environment in this method bears a closer resemblance to the vacuum environment than the underwater one, discharge intensity and sustainability are remarkably improved with respect to those properties of the underwater arc-discharge method. Furthermore, the arc-discharge-in-foam method does not require vacuum equipment since beer foam is used as the discharge environment, providing a simple device configuration. CNTs with high crystallinities can therefore be easily synthesized using this method. However, since beer foam is used as the discharge environment, distillation processes are required to eliminate beer foam following the production of the CNTs.
The production of CNTs by means of arc discharge tends to form bundles due to van der Waals forces, leading to difficulties in particle dispersion in water and generic solvents. Although there partial dispersion may be obtained using ultrasonic irradiation, water and organic solvents cannot adequately solvate CNTs; therefore, the bundled state returns as soon as the ultrasonic irradiation is stopped [41] . As a result, the CNT dispersion method, which adds anionic surfactant sodium dodecyl sulfate (SDS) to CNT solvents as a dispersant, and ultrasonication have been widely applied to address this concern [42] [43] [44] [45] .
The purpose of this study, therefore, aims to simultaneously perform CNT production and dispersion pro- cesses. Experiments were conducted using a surfactant (SDS) as the discharge location in the arc-discharge-infoam method to observe the efficiency and feasibility of the production processes in relation to the application of conventional foam. Further analyses were performed to determine whether CNT syntheses and dispersion processes can be carried out simultaneously through the dispersion of synthesized CNT in SDS.
II. EXPERIMENTAL Figure 1 shows a schematic of the experimental setup. For the arc discharge environment, a 500 mL beaker was filled with 300 mL of a surfactant (0.03% in distilled water); Sodium dodecyl sulfate (SDS) was used. A regulated DC power supply (PDS20-36, Kenwood TMI Corp., Japan) was used as the direct current power source for the arc discharge. For the anodes of the arc discharge, carbon rods (4-mm-diameter carbon electrodes, Narika Co.) were used.
A. Selecting the surfactant concentration of the SDS foam
As shown in Fig. 2 , in order to produce the surfactant foam, an optimal surfactant solution was selected by adjusting its concentration in 100 mL of distilled water, and comparing the breakdown of the foam at each concentration. The concentration was adjusted using 0.01 mg of SDS dissolved in 100 mL of distilled water, in intervals from 0.01% to 0.05%.
The surfactant foam was produced by continuously pumping air from a pump installed at the bottom of the beaker. Comparisons were then made between the time it took for the foam to reach the top of the beaker (Rising of Foam), and the time it took for the foam to recede from the top of the beaker to the 500-cc line (Descent of Foam).
At a concentration of 0.01%, the foam took the longest and the shortest amount of time to both rise and descend, respectively. In addition, due to the low viscosity of the bubbles, the foam formation was difficult, and the foam only lasted for a short period of time. At a concentration of 0.03% or higher, the foam took the shortest and the longest amount of time to rise and descend, respectively. Because the viscosity of the bubbles was relatively high, the feasibility of foam production improves with the foams lasting for longer periods of time. However, beyond a concentration of 0.03%, the sustainability of the foam did not increase with higher concentrations. Therefore, we selected 0.03% as the concentration of surfactant for the next experiments.
B. Arc discharge in surfactant foam method
As shown in Fig. 3(a) , the surfactant that had been adjusted to a concentration of 0.03% to optimize its viscosity was poured into a 500-mL beaker. After filling the beaker with the surfactant foam, ensuring that the carbon electrodes were completely submerged, direct voltages of 20 V and 20 A were applied from a direct power supply and an arc discharge was maintained between the carbon electrodes for 30 min, as shown in Fig. 3(b) .
In general, arc discharges within bubbles cause the bubbles to expand due to the drastic increases in temperature that accompany arc discharges. Consequently, small bubbles burst, and the surface tension between them causes them to re-combine with adjacent bubbles, so stable arc discharges are possible, even within bubbles, without the rupture of any bubbles in the discharge environment.
Following the discharge, we collected the product adhering to the surfactant foam and observed it via transmission electron microscopy (TEM). Meanwhile, ultrasonic processing was applied to the surfactant foam, following the discharge, to prepare a dispersion. The products within the dispersion were then observed using TEM.
III. RESULTS AND DISCUSSION
At first, we have observation of products that adhered to the surfactant foam. Figure 4(a, b) shows the products synthesized using the arc discharge in the surfactant. As shown in Fig. 4(a) , the CNTs were produced in tight formations. Furthermore, after magnifying and observing the area within the red square in Fig. 4(a) , CNTs with high linearity and crystallinity may be observed, as shown in Fig. 4(b) . Thus, CNTs with a high linearity and crystallinity were observed in the surfactant foam. However, CNT adhered to the foam of the surfactant was not completely dispersed, and CNT and fullerenes were observed in a dense state.
Next, following the dispersion processing of the samples created in the surfactant, after 1 h of the arch discharge, application of an ultrasonic cleaning device, and a further of 72 h elapsed, the dispersions were compared based on the precipitation of the products inside the samples, as shown in Fig. 5(a) ; the products in the surfactant sample after the ultrasonic processing had not settled, even after 72 h had elapsed. The liquid remained with a uniform, black color, and the products were uniformly dispersed in the liquid. TEM images of the sample products, after dispersion, are shown in Fig. 5(b, c) , where it may be observed that each individual CNT, produced by arc discharge in the surfactant foam, was isolated and distinct in form.
Isolated individual CNTs and fullerenes within the products in the dispersion were observed multiple times. Our results indicate that sufficient product dispersion was achieved through ultrasonic processing of the surfactant foam.
By comparing the respective TEM images taken before or after dispersion processing, we observed that the CNTs in the surfactant had dispersed.
Generally, surfactant, causes CNTs to become hydrophilic through its surfactant action, which allows for easier dispersion [46] [47] [48] [49] [50] . Thus, surfactant foam which the presence of a surfactant in a gas-liquid system, the dispersion of the CNTs produced by the arc discharge in the surfactant foam became easier as a result of ultrasonic processing.
When samples of made in beer foam were stored as is, many different molds began to grow, within a matter of days; this makes it impossible to store the samples at room temperature. In contrast, no changes occurred in the samples of the CNTs produced in the surfactant foam, even after storage for several days at room temperature. Stable long-term storage is, therefore, possible under these conditions. Thus, even in cases where a surfactant-CNT dispersion is used for the preparation of CNT thin films, stable CNT thin films can be maintained for a long duration without any mold growing on the thin film.
IV. CONCLUSIONS
By creating an arc discharge in the SDS surfactant distilled water solution, that had been adjusted to 0.03% concentration, we succeeded in producing aggregated CNTs, and we were also able to synthesize CNTs with high linearity and crystallinity in the surfactant foam. Furthermore, the dispersion of the CNTs produced by the arc discharge in the surfactant foam became easier as a result of ultrasonic processing.
This study also demonstrated that creating an arc discharge inside a surfactant foam allows for CNT production and dispersion to be performed in a single process, and that good-quality CNTs with high crystallinities can be produced with the utilization of simple equipment and configurations. Furthermore, it was observed from these experiments that CNTs can be produced and dispersed at the same time using a surfactant foam.
In future, we would like to perform further studies to determine whether it is possible to use dispersion liquid from the CNTs produced in the surfactant foam to manufacture CNT thin films. However, we note that one future challenge is to verify the quantitative distribution of the amount of CNTs produced using various voltages and currents for the arc discharge, since such discharges within the foam simultaneously produce other nanocarbon products such as fullerenes in addition to CNTs.
